The effect of dihydrostreptomycin on the incorporation of amino acids into protein in antibiotic-deprived cells of a streptomycin-dependent strain of Escherichia coli B has been compared with its Physiological and biochemical studies on streptomycin deprivation of streptomycin-dependent strains of Escherichia coli (21) led Spotts and Stanier (22) to postulate a ribosomal site of action for this antibiotic in which the consequences of genetic impairment of the structure of the ribosomes of streptomycin-dependent strains would be overcome by combination of the ribosomes with the drug. Studies on the behavior of ribosomes and ribosomal subunits from streptomycin-sensitive and streptomycin-resistant strains of E. coli in cell-free protein-synthesizing systems, programmed with both artificial and natural messengers, have demonstrated that the sensitive and resistant phenotypes are expressed at the ribosomal level in a single protein of the 30S subunit (20, 25) . However, it has been much more difficult to demonstrate the streptomycin-dependent phenotype in cell-free systems, although Likover and Kurland (13) showed that, provided calcium ions were present in the assay system, peptide bond synthesis by ribosomes from a streptomycin-dependent strain of E. coli B was stimulated by the addition of streptomycin.
The effect of dihydrostreptomycin on the incorporation of amino acids into protein in antibiotic-deprived cells of a streptomycin-dependent strain of Escherichia coli B has been compared with its effect on protein synthesis in extracts from cells of the same strain. Stimulation of phenylalanine incorporation into protein in whole cells occurred within 5 min of addition of dihydrostreptomycin to a deprived culture and was maximal at an antibiotic concentration of 20 ,Mg/ml. Stimulation of protein synthesis in cell-free extracts from antibiotic-deprived cells was maximal at a dihydrostreptomycin concentration of 10 ,&g/ml in systems programmed with f2-ribonucleic acid and poly AGU, whereas extracts from cells grown on nonlimiting concentrations of dihydrostreptomycin were unaffected by the addition of antibiotic. These results indicate that protein synthesis is an antibiotic-requiring process in streptomycin-dependent E. coli B.
Physiological and biochemical studies on streptomycin deprivation of streptomycin-dependent strains of Escherichia coli (21) led Spotts and Stanier (22) to postulate a ribosomal site of action for this antibiotic in which the consequences of genetic impairment of the structure of the ribosomes of streptomycin-dependent strains would be overcome by combination of the ribosomes with the drug. Studies on the behavior of ribosomes and ribosomal subunits from streptomycin-sensitive and streptomycin-resistant strains of E. coli in cell-free protein-synthesizing systems, programmed with both artificial and natural messengers, have demonstrated that the sensitive and resistant phenotypes are expressed at the ribosomal level in a single protein of the 30S subunit (20, 25) . However, it has been much more difficult to demonstrate the streptomycin-dependent phenotype in cell-free systems, although Likover and Kurland (13) showed that, provided calcium ions were present in the assay system, peptide bond synthesis by ribosomes from a streptomycin-dependent strain of E. coli B was stimulated by the addition of streptomycin.
In the present study, streptomycin-dependent cells, which had been deprived of antibiotic, have been examined for their ability to incorporate amino acids into protein in response to the addition of dihydrostreptomycin. It has been found that the effects of dihydrostreptomycin on amino acid incorporation are similar in both whole cells and in cell-free systems.
MATERIALS AND METHODS
Bacteria. Streptomycin-sensitive E. coli B (ATCC 11303) was grown with vigorous aeration at 37 C on a minimal medium, modified from that of Davis and Mingioli (9) , containing K2HPO4 (0.7%), KH2PO4 (0.3%), MgSO4.7H2O (0.02%), (NH4)2SO4 (0.1%), and glucose (0.4%). Streptomycin-dependent E. coli B (6) was grown under similar conditions except that the medium contained dihydrostreptomycin (5 increase in turbidity and total protein, were observed. The rapid initial increase in protein synthesis was also found to depend on the concentration of antibiotic added to the culture (Fig. 2) , the saturating concentration being slightly greater than 20 Mug of dihydrostreptomycin per ml at 5 min after addition of the antibiotic, and the concentration of antibiotic for 0.5 maximal incorporation rate being about 4.2 ,4g/ml. To demonstrate reproducibly that extracts from antibiotic-depleted cells, but not from antibioticsupplemented cells, required dihydrostreptomycin for optimal protein synthesis, it was necessry to use an amino acid incorporation systen programmed with either poly AGU or with a natural messenger. The effect of dihydrostreptomycin on a severely depleted extract and the effect on an extract from streptomycin-dependent cells grown on 20 p&g of dihydrostreptomycin per ml were compared, at different Mg'+ concentrations, in poly AGU-programmed protein synthesis (Fig. 4) ["Clalgal protein hydrolysate (0.8 pc/ml), the optimal magnesium concentration was 10 to 12 mm. With extracts from cells grown with an excess of dihydrostreptomycin (but not in extracts from antibiotic-depleted cells), this optimal concentration of Mg2+ decreased to 8 mm, and a slight increase in total incorporation was observed when more dihydrostreptomycin was added. Maximum stimulation of protein synthesis by dihydrostreptomycin also occurred at 8 to 10 mM Mg2+ when endogenous E. coli RNA was used as the messenger (Fig. 5) . The greater incorporation of radioactivity observed in Fig. 5A (extract activity was used, that significant protein synthesis occurred at low magnesium concentrations. Since an extract from streptomycin-sensitive cells also showed similar nonspecific activity which could not be completely abolished by dihydrostreptomycin, as would be expected in a physiological system (1, 16) , this incorporation may represent terminal addition of amino acids by the nonribosomal mechanism (11) .
Concentation dependence of the streptomycin effect on polypeptide synthesis in cell-free extracts from antibiotic-depleted streptomycin-dependent E. coli B. In the experiments described above, cell-free extracts from streptomycin-dependent E. coli B grown on more than 10 to 20 j,g of dihydrostreptomycin per ml generally showed no stimulation of amino acid incorporation by dihydrostreptomycin. That this range of dihydrostreptomycin concentration is indeed the saturating level for cell-free protein synthesis was confirmed by the experiment illustrated in Fig. 6 , in which an extract from antibiotic-depleted streptomycindependent E. coli B was incubated with increasing concentrations of dihydrostreptomycin, and its ability to incorporate amino acids into protein in response to the addition of poly AGU or f2-RNA was determined. From a double reciprocal plot of the results (Fig. 6B ) the antibiotic requirement for half the maximal amino acid incorporation was found to be 2.7 Mig of dihydrostreptomycin per ml.
DISCUSSION
When streptomycin is added to a deprived culture of streptomycin-dependent E. coli, a lag period, proportional to the length of time during which the bacteria have been deprived, is observed before the rate of increase of turbidity and macromolecular synthesis resumes the normal exponential value (21) . The resumption of exponential growth is accompanied by other specific changes: the abnormally high vitamin K2 content of antibiotic-depleted cells is rapidly decreased (3), cytochromes a, and a2, which are not detectable in antibiotic-depleted cells, are resynthesized (3), and the specific activities of several enzymes, which are subject to glucose repression in antibiotic-depleted cultures of streptomycin-dependent E. coli B, return to their normal derepressed level (6; M. B. Coukell and Polglase, W. J., J. Gen. Microbiol., in press). The properties of antibiotic-depleted cells are probably the result of a primary lesion in the ribosome leading to impaired protein synthesis (21) . This impairment then may be augmented by catabolite repression of those enzymes which are sensitive to this control.
The results of this study support the hypothesis that the site of action of dihydrostreptomycin is the ribosome, since optimal protein synthesis is restored when dihydrostreptomycin is added to dependent cells or to their cell-free extracts. The stimulation by dihydrostreptomycin of phenylalanine incorporation by deprived cells was found to occur extremely rapidly (Fig. 1) (13), who demonstrated the streptomycin-dependent phenotype with wellwashed ribosomes from streptomycin-dependent E. coli B in a Ca2+-dependent phenylalanine-incorporating system programmed with poly U. The minimum concentration of antibiotic required to give optimal stimulation of protein synthesis in cell free extracts (10 ,ug of dihydrostreptomycin per ml) corresponded closely to the concentration required by purified ribosomes (13) and is not far removed from the optimal concentration required by whole cells (approximately 20 ,ug of dihydrostreptomycin per ml under the present conditions). Moreover, the saturation curve shown for streptomycin-dependent polypeptide synthesis in whole cells (Fig. 2) closely follows the kinetics of streptomycin-limited growth and enzyme formation (M. B. Coukell and W. J. Polglase, J. Gen. Microbiol., in press). In particular, the concentration of antibiotic required for 50% of the maximal rate of protein synthesis in whole cells and in cell-free extracts (2.7 to 4.2 ug of dihydrostreptomycin per ml) is of the same order as that required for 50% of the maximal growth rate.
Recent studies on the mechanism of action of streptomycin in vitro in sensitive strains of E. coli have shown that the antibiotic binds specifically to the 30S subunit of the sensitive ribosome (12) , that a single protein of this subunit is responsible for the phenotype expressed (20, 25) , and that the lethal effect of streptomycin on sensitive bacteria may result from inhibition of the rate of polypeptide chain initiation or elongation rather than from an alteration of the fidelity of translation of messenger RNA (14, 16, 18) . The cell-free system from antibiotic-depleted streptomycindependent cells does not permit identification of the function of dihydrostreptomycin in protein synthesis on streptomycin-dependent ribosomes, since any increase in polypeptide formation in response to the antibiotic can be interpreted either as a stimulation of chain elongation or as a binding of more messenger-RNA to "repaired" ribosomes. Nevertheless, stimulation, by dihydrostreptomycin, of protein synthesis on deprived ribosomes was observed with messenger RNA containing initiation codons, suggesting that streptomycin might stimulate polypeptide initiation. However, the magnitude of this effect was greatest at the optimal Mg2+ concentration of each system, i.e. 16 mM for poly AGU-dependent incorporation and 12 mm for f2-RNA-dependent incorporation. At these magnesium concentrations the initiation mechanism (binding of N-formylmethionyl transfer-RNA to the 30S subunit of the ribosome in the presence of appropriate mRNA, initiation factors, and GTP) is considered to be bypassed (4) .
It is possible, however, that optimal polypeptide chain initiation in antibiotic-depleted streptomycin-dependent cells may need a higher Mg2+ concentration than in wild-type cells and that this requirement can be spared by dihydrostreptomycin. Some support for such a hypothesis is apparent from the decrease in optimal Mg2+ concentration for poly AGU-directed polypeptide synthesis in an extract from cells grown on 20 Mug of dihydrostreptomycin per ml compared with a depleted extract (Fig. 4) and from the fact that addition of excess of dihydrostreptomycin in vitro to antibiotic-supplemented extracts engaged in f2-directed protein synthesis decreased the magnesium optimum. A similar decrease in the optimal magnesium concentration for protein synthesis directed by bacteriophage-RNA is observed in the presence of polyamines (23) . Magnesium and polyamines have previously been shown to antagonize the effect of streptomycin and dihydrostreptomycin on the properties of extracts from streptomycin-sensitive E. coli (7, 8, 17, 27) and competitive binding of streptomycin (at 6.25 X 10-4 M) and magnesium with ribosomes from antibiotic-sensitive E. coli has been demonstrated directly (5). However, since increasing the concentration of Mg2+ in the culture medium of antibiotic-depleted streptomycin-dependent E. coli B did not restore normal growth (Dixon and Polglase, unpublished observations), the phenomenon is probably not related to the primary function of streptomycin on these cells.
The results reported here with antibiotic-depleted, streptomycin-dependent cells and cell extracts show that protein synthesis in these mutants is a streptomycin-dependent process. The hypothesis that streptomycin acts on the bacterial ribosome is thereby supported. However, the streptomycin-dependent mutant, even when supplemented optimally with antibiotic, exhibits an altered energy metabolism compared with the parent wild-type organism. It is unlikely that this phenotypic difference [valine excretion (2, 24) , relaxed catabolite-repression, and decreased cell yield (6) ] is completely unrelated to the mutation to streptomycin dependence. The phenomenon of impaired energy metabolism in streptomycindependent bacteria therefore must be considered in any unitary hypothesis of streptomycin action.
